Genes of the major histocompatibility complex (MHC) play a fundamental role in the vertebrate immune response and are amongst the most polymorphic genes in vertebrate genomes. It is generally agreed that the highly polymorphic nature of the MHC is maintained through host-parasite co-evolution. Two nonexclusive mechanisms of selection are supposed to act on MHC genes: superiority of MHC heterozygous individuals (overdominance) and an advantage for rare MHC alleles. However, the precise mechanisms and their relative importance are still unknown. Here, we examined MHC dependent parasite load in European rabbits (Oryctolagus cuniculus) from a distinct population with low MHC diversity (three alleles, six genotypes). Using a multivariate approach, we tested for associations of individual MHC class II DRB constitution and the rabbits' intestinal burden with nematodes and coccidia. Rabbits having a particular allele showed lower infestations with hepatic coccidia (E. stiedai).
Introduction
The major histocompatibility complex (MHC) of higher vertebrates is an exceptionally gene-dense genomic region with more than one hundred genes predomi nantly expressing immune-related proteins (The MHC Sequencing Consortium 1999) . The so-called classical (class I and class II) MHC genes play a central role in vertebrate adaptive immunity. They code for proteins that present short pep tides on the surface of cells. An
Correspondence: Heiko G. Rodel, Tel. : 0049 921 552484; Fax: 0049 921 552794; E-mail: heiko.roedel@uni-bayreuth.de immune response is triggered when an MHC non-self peptide complex is recognized by a T cell (Janeway et al. 2001) . Parasites might therefore adapt to escape this recognition system by avoiding the expression of structures that can be bound by MHC molecules. This leads to an ongoing co-evolution of defence and escape mechanisms of hosts and parasites and might explain why classical MHC genes are by far the most polymor phic genes within vertebrate genomes (Apanius et al. 1997) .
Two nonexclusive mechanisms of natural selection have been proposed to maintain this polymorphism.
On the one hand, the negative frequency-dependent First publ. in: Molecular Ecology 19 (2010 ), 19, pp. 4155-4167, DOI: 10.1111 /j.1365 -294X.2010 Konstanzer Online-Publikations-System (KOPS) URL: http://nbn-resolving. de/urn:nbn:de:bsz:352-135711 selection hypothesis states that rare allelic variants con fer an advantage to their carriers, because parasites probably adapt to the most frequent alleles of the host population (Takahata & Nei 1990) . Within a population, this mode of selection would result in an association of particular aIleles with low or high susceptibility to some parasites. On the other hand, the occurrence of particu lar combinations of alleles could lead to a higher para site resistance, i.e. heterozygosity (Doherty & Zinkernagel 1975) or the possession of two divergent alleles (Wakeland et al. 1990) . MHC genes are codomi nantly expressed, so individuals with different alleles at each MHC locus are able to present a greater variety of peptides and therefore can trigger an immune response against a wider spectrum of parasites (Doherty & Zink ernagel 1975) . Finally, the two selective modes, rare (Thursz et al. 1997; Ditchkoff et al. 2001; Richman et al. 2003 We examined the association between the individual MHC class II DRB constitution and the endoparasite burden of animals from a European rabbit population living in a field enclosure. We focused on subadults because premature mortality in the European rabbit is very high (Richardson & Wood 1982; von HoIst et al. 2002; Rodel et al. 2004 Rodel et al. , 2008b Rodel et al. , 2009 ) and endoparasites are frequently considered a critical factor for juvenile survival in this species (Mykytowycz 1956; Gibb 1979; Cowan 1987) . In particular, we tested for heterozygote superiority and advantage of specific alleles and geno types with respect to endoparasite burden using a multivariate approach controlling for potentially con founding effects. We focused on the most common species of endoparasites hosted by European rabbits:
the intestinal nematodes Graphidium strigosum in the stomach, Trichostrongylus retortaeformis colonizing the small intestine and Passalurus ambiguus predominantly occurring in the caecum and colon, and different cocci dia (Eimeria) species infesting the liver and the gut. All of these endoparasites can cause severe disease such as diarrhoea and anaemia leading to body mass loss, in particular in young animals, and especially Eimeria species are known to be lethal when the animals show high infestations with these parasites (Hobbs et al. 1999; Pakandl 2009 ).
Material and methods

Study population
The study was conducted on animals from a fenced
European rabbit population living in a 20 000 m 2 enclo sure situated next to the campus of the University of Bayreuth (Franconia, Germany). The population con sisted of descendants of animals that had been caught in the wild (Bavaria, Germany) in 1983. During the study period (2006) (2007) , the population consisted of about 50 adult individuals with a sex ratio of about two females to one male. In the past, the population under went two bottlenecks because of high winter mortality in one year and because of an outbreak of myxomatosis some years later. For this reason, the overall genetic and MHC variability was expected to be low.
Vegetation consisted of grassland interspersed with groups of trees and bushes, which represents an ade quate habitat structure for the European rabbit (Corbet 1994 We only considered adult worms. For quantifying the number of nematodes in the stomach (G. strigosum),
we used the complete diluted stomach content (1 L).
T. retortaeformis (colonizing the small intestine) and P. ambiguus (occurring in caecum and colon) were quan tified using samples of 100-200 mL (10-20%) from the dilutions of the content from the small intestine, caecum and colon. We then extrapolated the counts to the total amount of 1 L. This was carried out owing to the very high worm abundance in these parts of the gut. (Baayen et al. 2008) .
In a first step (see Table 2 ), we tested the effects of absence/presence of the different alleles (OrcuDRB*02, OrcuDRB*03, OrcuDRB*04) and thus included them as fixed factors with two levels. In addition, we included heterozygosity (yes/no) as a fixed factor with two lev els. Year was also included as a fixed factor (with two levels) to correct for differences in the environmental conditions between years, which might have potentially affected the spreading of endoparasites within the pop ulation. In addition, we included litter identity as a ran dom factor, because several of the animals were litter siblings (n = 113 young rabbits from 56 litters) born to 28 different mothers. Litter mates can be expected to share a genetic background and experience similar con ditions during their early development, which might have affected their probability of infestation with para sites in a similar way. We checked for potential depen dencies (colIinearities) among the occurrence of the different alleles and heterozygosity (Table 2 ). This was carried out with logistic regression models where we pairwise checked the correlations between the different variables and we assessed the explained variation with Nagelkerke's R2 (Nagelkerke 1991 In a second step, we tested for differences between the different genotypes, i.e. the different combinations of OrcuDRB alleles, on endoparasite load. For this, we used genotype as a fixed factor with six levels (see Fig. 4 ). Again, we included year and sex as predictor variables and litter identity as a random factor. Post hoc comparisons between the different levels of geno type were calculated by applying the same mixed model structure to the respectively reduced data set.
In both steps, we tested all 2-way interactions with sex or year. Nonsignificant interaction terms (P > 0.05)
were stepwise reduced, and the models were recalcu 
Deviation of MHC allele frequency distribution from
Hardy-Weinberg equilibrium was tested using a Mar kov-chain (Guo & Thompson 1992) OrcuDRB'OI GAG C T G G G C OrcuDRB'02
OrcuDRB'03 OrcuDRB'04 5 nonsynonymous substitutions as well as Z-tests for directed selection was calculated in Mega4 (Tamura et al. 2007 ) using the method of Nei-Gojobori (1986) .
Results
MHC variability and expression of alleles
In 113 genotyped subadult rabbits of the study popula tion, we found only six different SSCP!HD banding patterns representing six different MHC DRB geno types. By sequencing, we identified one to three alleles per genotype, indicating that the primers used here amplified more than one locus in some of the animals.
But also the primer system amplified only a subset of the five DRB genes determined by Sittisombut et al. (1989) . In total, we identified four different alleles and labelled them following the nomenclature of Klein et al. (1990) : OrcuDRB*Ol to OrcuDRB*04 (accession numbers GQ168795-GQ168798, Fig. 1 ). OrcuDRB*02 is identical to a previously published DRB1 sequence of the domes tic rabbit (accession number EU427425).
Because MHC variability in the study population was fairly low, it was possible to reconstruct the constitution of haplotypes by applying Mendelian rules. At least three orthologous alleles or haplotypes (a,b,c) are needed to form six genotypes (aa, bb, cc, ab, ac, bc).
Because in some genotypes more than one gene was typed, one of the four alleles has to be located on a sec ond locus. Any other distribution of alleles (two loci with two alleles each; three loci, one with two, two with one allele) would result in only two haplotypes because DRB genes are tightly linked. But two haplotypes are insufficient to form six genotypes. DRB*02, *03 and *04 are not linked, because each of them appears without the other two in one genotype each. Furthermore, we never found more than two of these three alleles per individual. Thus, they represent a distinct locus or at least perfectly behave as if they were orthologous. DRB*02 and *03 never appear without DRB*Ol, so that this allele is present at an additional locus on the haplo- type carrying DRB*02 as well as on the haplotype carry ing DRB*03. Therefore, individuals with the two alleles DRB*01*02 or DRB*01*03 are homozygous. This leads to the constitution of the haplotypes presented in Fig. 2 and is the only explanation for the existing genotypes.
We called the two loci DRBl and DRB2, respectively.
DRBl is polymorphic with three alleles (DRB*02,*03, *04), and DRB2 is polymorphic for the absence/presence of DRB*Ol.
DRB*Ol is not detectable by PCR-SSCPIHD and
sequencing at the cDNA level. Additionally, direct sequencing of cDNA-PCR products from DRB*Ol *02
and DRB*01*03 homozygous individuals gave clear sequences, while genomic DNA-derived PCR products gave mixed sequences because of the presence of DRB*Ol. Thus, DRB*Ol was not expressed and so we further reduced our considerations to the locus DRBl and its three alleles DRB*02, *03 and *04.
We found DRB*02 in 50, DRB*03 in 72 and DRB*04 in 72 animals. The pairwise nucleotide divergence ranged between 16 and 38 nucleotides in the 171 bp fragment (pairwise amino acid sequence divergences given in Table. 1). The ratio of nonsynonymous to synonymous substitutions (dN/d s ) was 0.39 (P = 0.01) in non-anti gen-binding sites and 1.09 (P = 0.81) in antigen-binding sites according to Brown et al. (1993) . At the population level, there was a slight deviation from Hardy-Wein berg equilibrium with more heterozygotes than expected (H e xp = 0.664, Hobs = 0.717, P = 0.012).
Endoparasite load
The 
Age and sex effects on endoparasite load
Endoparasite loads with the different species or groups of species of nematodes and coccidia were significantly correlated with the age of the hosts (Table 2 ). These cor- Pairwise allele divergence of the whole 171 bp fragment and at the peptide-binding region (PBR) according to Brown et al. (1993) is given as the number of amino acid differences of the two alleles at the expressed locus DRB1. DRB2 represents a second locus that is polymorphic for absence and presence of an allele but is not expressed. Genotypes 1-3 are homozygous; genotypes 4-6 are heterozygous. Data derive from 113 animals from 2 years; animals were always sampled in mid November. Litter identity was included as a random factor. P-values and parameter estimates (including 95% confidence intervals) were calculated by 10 000 Markov-chain Monte Carlo simulation runs. None of the tested 2-way interactions were significant (P > 0.10) and were omitted before re-calculating the models. A further backward elimination of nonsignificant predictors (not shown) did not lead to different results than obtained by calculating P-values for the full model including all main effects. Juvenile age (days) Presence of DRB*04 Fig. 3 (a) Correlation between the log-transformed load with hepatic coccidia oocytes and the age of juvenile European rabbits depicted for animals with (grey circles) or without (white circles) the allele OrcuDRB*04, and (b) comparison between the load with liver coccidia in juveniles (predicted values ± SE; sex, age and year are set constant) with or without the allele OrcuDRB*04. Differ ences are significant, see Table 2 for statistics.
relations were positive, i.e. the parasite loads increased with the rabbits' age for the nematode species P. ambig uus and C. strigosum, but were negative for T. retortae formis and for all groups of coccidia. We also found significant effects of sex on the load with E. stiedai with young males having higher infestations than females. In addition, the parasite loads with T. retortaeformis and E. stiedai differed significantly between years.
There were no significant interactions of either year or sex with the occurrence of the different alleles (P > 0.10) or with MHC heterozygosity (P > 0.10), sug gesting that the effects of MHC constitution on parasite load described in the following sections were indepen dent of year and sex.
Effects of MHC heterozygosity and occurrence of specific aUeles
Multivariate analyses revealed that young rabbits carry ing the allele OrcuDRB*04 showed significantly lower infestations with coccidia (as assessed by the lower excretion rate of oocytes) than animals lacking this allele (Table 2b , Fig. 3b ). More specifically, this differ ence was apparent with respect to infestations with coc cidia occurring in the liver (E. stiedai) but was not seen with respect to Eimeria species occurring in the gut.
Please note that this difference was still significant after Bonferroni correction, considering the multiple compari sons of the three different alleles (aCOIT• = 0.017). The occurrence of the alleles DRB*02 and DRB*03 as well as heterozygosity did not affect the load with any of the endoparasite species considered ( Table 2 ).
Note that the differences in the load with hepatic coc cidia oocytes between animals with and without DRB*04 were not statistically significant when the age of the animals was not considered in the analysis (P = 0.13). This suggests that the effects were obviously masked by the strong age dependence of the number of oocytes per gram of faeces (see Fig. 3a , Table 2b ).
Differences among MHC genotypes
We also found differences with respect to the loads with hepatic coccidia when considering the different genotypes as a factor with six levels (P = 0.012; Fig. 4 ).
Here also, we found significant effects of age (P < 0.001), sex (P = 0.010) and year (P < 0.001). Post hoc analysis revealed that the two heterozygous geno types with allele DRB*04 predominantly had lower loads than the other four genotypes (although P-values of the post hoc comparisons between genotype *02/*04 and *02/*02 or *03/*03 barely missed the 5% level of significance). The parasite load did not differ signifi cantly between these two genotypes (post hoc statistics in Fig. 4) . And again, the MHC-related differences between the different genotypes were not statistically significant when the age of the animals was removed from the model (P = 0.084).
We systematically compared the loads with all other groups of parasites (as given in Table 2 ) among young rabbits with different genotypes. However, there were no significant differences with respect to any other response variable (P > 0.15).
Discussion
In this study, we analysed the influence of individual MHC class II DRB constitution on endoparasite load in as the here reported differences in performance of the three occurring heterozygous genotypes (Fig. 4) . In conclusion, our study demonstrates heterozygote superiority of an MHC class II gene with respect to hepatic coccidiosis, but only with respect to specific heterozygous genotypes. Furthermore, we could show that the classical approach of parasite-MHC allele association studies can result in misleading findings.
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